Low socioeconomic status (SES) is a risk factor for the development of colorectal cancer (1, 2) , and unhealthy but modifiable behaviors such as physical inactivity and unhealthful dietary habits are believed to contribute to this disparity (1, 3) . In the United States, behavioral risk factors and obesity are more common in low-SES groups than in affluent populations (1, (4) (5) (6) (7) (8) (9) (10) (11) , and unhealthy lifestyles may account for up to 70% of colorectal cancers (12) . Epidemiological and biological investigations have shown that unhealthy lifestyles and their ensuing health consequences, such as obesity, affect molecular pathways involved in colorectal carcinogenesis (13) (14) (15) . However, to date, no large prospective study has quantified the extent to which behavioral risk factors and obesity explain the disproportionately high risk of colorectal cancer in low-SES populations.
In a study that analyzed data from 46 128 women in the Nurses' Health Study , Kim et al. evaluated the relationship between behavioral risk factors, a census block-group SES score, and risk of colorectal cancer (2) . They observed that the greater prevalence of some risk-promoting health behaviors in low-SES neighborhoods partly explained the association between neighborhood poverty and increased risk of rectal cancers; however, disparities in health behaviors were associated with SES-related disparities in colon cancer only among nurses with a college degree. They did not find statistically significant mediation by levels of physical activity, which was surprising because of consistent reports that physical inactivity increases risk of colorectal cancer (14) (15) (16) . There were some limitations of that report that warrant further study: it was restricted to female nurses (thus a narrow SES band), it could not examine individual-level SES, and it did not quantify the proportion of the risk of colorectal cancer incidence attributable to health behaviors. Thus, the extent to which differences in behavioral risk factors contribute to socioeconomic disparities in incident colorectal cancer, characterized at both the individual and neighborhood levels, remains unclear. Providing such evidence is important because healthy behaviors have many health benefits that include cancer prevention and are promising targets for reducing disparities in multiple chronic conditions (17, 18) .
We previously analyzed data from 506 488 men and women in the prospective National Institutes of Health-AARP Diet and Health (NIH-AARP) Study and found that SES disparities in risk of colorectal cancer were attenuated by adjustment for behavioral factors (1) . In this study, we extended that analysis by quantifying the contribution of behavioral risk factors and obesity, separately and together, to SES disparities in risk of colorectal cancer. Individual-level and neighborhood SES factors are intertwined but are each independently associated with risk of colorectal cancer (1) . Thus, conceptually, we based this analysis on the interrelationships among neighborhood SES, individual-level SES, health behaviors, obesity, and risk of colorectal cancer ( Figure 1 ). Obesity may be on the causal pathway between health behaviors and risk of colorectal cancer. We therefore evaluated its incremental effect on behavioral risk factors (19) . Because of potential biological differences between right and left colon cancers (20, 21) , we also performed the analysis according to tumor location.
Methods

Study Design and Population
Data for this study were obtained from the ongoing prospective NIH-AARP Study, which has previously been described in detail (22) . The cohort comprised 566 401 men and women who were ages 50-71 years at the time of recruitment into the study between October 1995 and May 1996. Study participants were drawn from six US states (California, Florida, Louisiana, New Jersey, North Carolina, and Pennsylvania) and two metropolitan areas (Atlanta, GA, and Detroit, MI). For this analysis, we excluded a total of 59 913 participants who had invalid census data (n = 705), did not accrue follow-up time or withdrew from the study (n = 947), had a history of colorectal cancer at baseline (n = 4 497), or had missing data on education, race, smoking, physical activity, or body mass index (BMI; n = 53 764). The study was approved by the National Cancer Institute Special Studies Institutional Review Board.
Data Collection
Participants completed a mailed questionnaire at baseline (1995) (1996) about several variables that are related to risk of colorectal cancer, including age, sex, race and ethnicity, educational level, health behaviors, and history of colorectal cancer in a first-degree relative. Incident cancers were identified by linking participants to states' tumor registry data. The NIH-AARP study tracked participants' place of residence and found that about 95% of the subjects in this cohort continued to reside in their original tumor registry area through December 2000 (22) .
Ascertainment of Colorectal Cancer Incidence
The primary outcome for this study was primary incident invasive adenocarcinoma of the colon or rectum during the follow-up period. The time to colorectal cancer diagnosis for each participant was calculated from the date of receipt of the baseline questionnaire at the study center. Each participant was followed until he or she moved out of a registry area or December 31, 2006, whichever occurred first. Participants who were diagnosed with new-onset colorectal cancer during the follow-up period were identified from tumor registry data using International Classification of Diseases for Oncology (ICDO) codes. We restricted our outcome definition to adenocarcinomas because they are believed to develop through the adenoma-carcinoma pathway and are the targets of prevention through healthy behavior. We used the ICDO codes to categorize the segment of the colon/rectum where a tumor was found (location) as: 1) "right" colon if proximal to the splenic flexure, Direct effect through access to and/or use of healthcare services and biological susceptibility possibly due to the effects of physiologic stress 2) "left" colon if in or distal to the splenic flexure including the sigmoid colon, 3) rectal, or 4) unspecified.
Socioeconomic Indicators
The predictor of interest in our analysis was SES, which was measured at both the individual and neighborhood levels. We collected information about "the highest grade or level of schooling completed." Possible responses were less than 8 years, 8-11 years, 12 years or completed high school, post-high school training other than college (eg, vocational or technical training), some college, college graduate, or postgraduate. The first two categories were combined as "less than 12 years of schooling" in our analyses.
The residential address of each study participant at baseline was linked to socioeconomic variables from the 2000 decennial census at the census-tract level. Principal component analysis was then used to compute a census-tract socioeconomic deprivation index (neighborhood SES), which has previously been described in detail (9) . Briefly, the index was derived from the percentage in the census-tract of persons who 1) had less than high school education, 2) were unemployed, 3) were non-Hispanic blacks, [4] [5] were in managerial jobs, separately for men and women, and of households, 6) below 1999 federal poverty levels, 7) on public assistance, or 8) with annual income less than $30 000, 9) with no car, or 10) headed by a woman with dependent children. The index was standardized by dividing it by the square root of the factor's variance (or Eigenvalue) (23) . Higher deprivation scores corresponded to higher levels of poverty or unemployment in the particular census tract.
Behavioral Risk Factors and BMI
The candidate mediators in our analyses were dietary pattern, level of physical activity, smoking, and BMI. A validated 124-item food frequency questionnaire assessed components of participants' usual diet during a previous 12-month period (24) . A Mediterranean diet score (range 0-9) was used as our measure of dietary patterns. Conformity to the Mediterranean dietary pattern is based on the reported intakes of vegetables, legumes, fruit and nuts, fish and seafood, cereals, meat and meat products, dairy products, ratio of monounsaturated to saturated fat, and alcoholic beverages (25) . Thus, this measure incorporates several of the dietary components known to be associated with risk of colorectal cancer, accounts for the complex interrelationships of nutrients in individual dietary components, and is strongly predictive of risk of colorectal cancer (26) . The results of the analyses using either the Mediterranean diet score or individual dietary components of the index were similar. This finding supported our use of the dietary pattern analysis approach, which is also easier to interpret and communicate to the public. Physical activity was measured by the frequency of vigorous physical activity that lasted at least 20 minutes and was categorized as never, rarely, 1-3 times per month, 1-2 times per week, 3-4 times per week, or 5 or more times per week (ie, active daily). Data on smoking included whether a participant had ever smoked more than 100 cigarettes during his or her lifetime, and if so, the typical number of cigarettes smoked per day and current smoking status (22) .
BMI was calculated from self-reported body weight (lbs) and height (ft-inches) at baseline and was categorized as less than 20.0, 20.0-22.4, 22.5-24.9, 25.0-27.4, 27.5-29.9, 30.0-31.9, 32.0-33.9, or 34 kg/m 2 or more. We combined the first two categories as less than 22.5 in some analyses because their associations with risk of colorectal cancer were of similar magnitude, and the sample sizes were relatively small. In 1996-1997, the NIH-AARP Study collected data on participants' weight at ages 18, 35, and 50 years. However, these additional measurements yielded results similar to the baseline BMI.
Statistical Analysis
The χ 2 test was used to compare categorical variables according to levels of educational achievement or quintiles of neighborhood SES deprivation. Analysis of variance was used for continuous variables. Poisson regressions (with robust variance estimation) were used to obtain colorectal cancer incidence rate ratios (IRRs) and 95% confidence intervals (CIs) (27) . Poisson models were a good fit for the data. All P values were two-sided.
We performed analyses for all colorectal cancers and then separately according to cancer location. We examined for two-way interactions among the SES factors, health behaviors, and BMI using the Wald χ 2 with a Bonferroni correction. We further evaluated statistically significant interactions in terms of the effect on the predicted number of incident cancers from the regression models. Although we found a statistically significant interaction between physical activity and diet, inclusion of the interaction terms in the models did not substantively change our results and was therefore not included in the estimations.
In our analyses, we first examined the association between each measure of SES and risk of colorectal cancer, adjusted for age, sex, race and ethnicity, family history of colorectal cancer, and state of residence; the covariates were entered in the models as categorical variables except age, a continuous variable (Model 1). We further evaluated the risk of colorectal cancer associated with each behavioral factor (physical activity, diet, and smoking) or BMI adjusted for the covariates in Model 1. We then constructed two additional models to assess the effect of health behaviors on the association between SES and colorectal cancer risk ( Figure 1 ): Model 2 added all the behavioral risk factors to Model 1, and Model 3 further adjusted for BMI. Education and neighborhood SES were analyzed in separate models, each as a categorical variable.
The above modeling scheme was used to compute the magnitude by which the behavioral risk factors and BMI explained SES-related differences in the risk of incident colorectal cancer. For the mediation analyses, both education and neighborhood SES (standardized census-tract socioeconomic deprivation score) were analyzed as continuous variables. Linearity assumptions were reasonable as evaluated with graphical plots and the Wald χ 2 test for trend: for neighborhood SES, we used deciles of the standardized score. We also examined linearity assumptions for the deprivation score by evaluating a quadratic term of the score, which was not statistically significant.
The percentage mediation was calculated with the formula,
* 100, where β is the regression coefficient for education or neighborhood SES without (β (SES) ) and with (β [SES(M)] ) the health behaviors and/or BMI as shown in the conceptual model in Figure 1 (28) . Bias-corrected CIs for the percentage mediation were obtained through bootstrap techniques with 1000 replications. According to Shrout and Bolger, we set the minimum possible lower CI to 0% and the maximum to 100% (28) . All analyses were performed using STATA Release 12. results First, we listed the distribution of the cohort according to selfreported education and neighborhood SES (Table 1) . Highrisk health behaviors were more common in low-SES groups. Compared with participants in high-SES groups (education and neighborhood), a higher proportion of participants in low-SES groups had low Mediterranean diet scores, unhealthy weight, or were physically inactive. Of the 7676 participants who were diagnosed with invasive primary colorectal adenocarcinoma during the follow-up period, 3420 had cancers that were diagnosed in the right colon, 2050 in the left colon, 1991 in the rectum, and 215 in unspecified locations.
Associations With Risk of Incident Colorectal Cancer
Next, we analyzed the colorectal cancer IRRs for behavioral risk factors after adjustment for age, sex, race and ethnicity, family history of colorectal cancer, and state of residence ( Table 2 ). The behavioral risk factors were each strongly predictive of risk of colorectal cancer in a dose-response manner. For example, people in very low conformity with a Mediterranean dietary pattern (score of <2) had a 91% greater risk of colorectal cancer incidence (IRR = 1.91, 95% CI = 1.61 to 2.26) compared with those with the highest scores. Physical inactivity, compared with being active daily, was associated with a 44% greater risk of colorectal cancer (IRR = 1.44, 95% CI = 1.29 to 1.61), and a BMI of 34 kg/m 2 or more, compared with a BMI of less than 20 kg/m 2 , was associated with a 55% greater risk of colorectal cancer (IRR = 1.55, 95% CI = 1.41 to 1.71).
We also performed ad hoc analyses to assess the combined effects of health behaviors and SES (separately for educational level and neighborhood SES) on overall colorectal cancer risk controlling for confounders in Model 1 (data not shown). Compared with the group with the highest SES and the healthiest behavior, as SES and healthy behaviors decreased, except for smoking exposure, the risk of colorectal cancer increased. For instance, compared with participants who had a postgraduate education plus a diet score of 8-9, those who were least educated and had a diet score of less than 2 were at substantially higher risk of colorectal cancer (IRR = 2.56, 95% CI = 1.75 to 3.75). Also, the least-educated, most physically inactive participants were at much higher risk of colorectal cancer (IRR = 1.90, 95% CI = 1.48 to 2.45) compared with the most-educated persons who were active daily. Similarly, the least-educated smokers were at more risk than the most-educated nonsmokers (IRR = 1.67, 95% CI = 1.17 to 2.36), and less-educated obese participants (BMI 34 kg/m 2 or more) were at more risk than well-educated participants with BMI of 20 kg/m 2 or less (IRR = 2.24, 95% CI = 1.72 to 2.92).
There were similar patterns with respect to neighborhood SES and behavioral factors. Compared with participants from highest-SES neighborhoods who had diet score of 8 or 9, or were active daily, healthy-weight, or nonsmokers, colorectal cancer risk was much higher for persons in the fifth quintile of neighborhood SES with a diet score of less than 2 (IRR = 
Mediation of SES Disparities by Behavioral Factors
Next, we analyzed the contribution of health behaviors to differences in the risk of colorectal cancer by SES, separately for individual level education and neighborhood SES (Table 3 ). For the analyses on all colorectal cancers, differences in the prevalence of individual health behaviors by SES explained between 11.3% (BMI) and 21.6% (diet) of the association between education and colorectal cancer risk. Diet, physical activity, and smoking together explained about 37.3% (95% CI = 29.9% to 49.8%) of the higher risk of colorectal cancer associated with lower educational achievement. These behavioral factors and BMI together explained 43.9% (95% CI = 35.1% to 57.9%) of the colorectal cancer risk disparity by education. Individually, the behavioral factors explained between 8.6% (smoking) and 15.3% (diet) of the association between neighborhood SES and colorectal cancer risk: combined, they explained about 26.4% (95% CI = 20.2% to 37.5%), and together with BMI, they explained 36.2% of the risk of colorectal cancer by neighborhood SES (95% CI = 28.0% to 51.2%).
The extent to which each of the behavioral risk factors and BMI explained the association of education with incidence of colorectal cancer was substantially larger for right colon cancers (26.7% for physical activity to 45.6% for diet) than for left colon cancers (7.7% for smoking to 17.9% for diet) and rectal cancers (3.2% for BMI to 13.8% for diet) (see Supplementary Figure 1 , available online). When considered together, the behavioral risk factors explained about 78.9% of the association between education and colorectal cancer incidence for right-sided colon cancers, 30.3% for left colon cancers, and 22.7% for rectal cancers (Table 3 and  Supplementary Table 2 , available online). The behavioral factors and BMI combined explained about 95.0% of the association between education and right colon cancer risk, 37.8% for left colon cancers, and 24.2% for rectal cancers. Similarly, the extent to which diet, physical activity, and smoking explain the association of neighborhood SES with cancer risk was larger for right colon cancers (from 18.3% for smoking to 34.6% for BMI) than for left colon cancers (from 5.3% for smoking to 16.9% for BMI) and rectal cancers (from 4.4% for BMI to 9.9% for diet): the percentage mediated by the health behaviors combined was 51.3% for right colon cancers, 24.6% for left colon cancers, and 15.3% for rectal cancers. These health behaviors and BMI combined explained about 75.4% of the association between neighborhood SES and risk of right colon cancer, 36.2% for left colon cancers, and 17.6% for rectal Only the lowest, middle, and highest categories of education and neighborhood socioeconomic status (SES) are shown. The distribution of characteristics among participants in the categories omitted for education or neighborhood SES followed the pattern of the categories shown. For example, the percentage most physically active was as follows: 16.9% in participants with a high school education (n = 101 580), 18.2% in people with some college (n = 120 507), and 20.1% in college graduates (n = 98 292), and 19.2% in the second neighbor SES quartile (n = 132 342) and 18.2% in the third quartile (n = 77 619). * The incidence rates were estimated from Poisson regression models that were adjusted for age and sex. † Models for the incidence rate ratios were adjusted for age, sex, race and ethnicity, family history of CRC in a first-degree relative, and state of residence, which were entered as categorical variables in the models except age (continuous, measured from the baseline date).
cancers. However, the confidence intervals for right colon cancers were wide because of the relatively weak association with SES (see Supplementary Table 1 , available online).
Discussion
This study analyzed a large prospective US cohort with more than 10 years of follow-up and found that the disproportionately high risk of potentially preventable colorectal cancers among people with low SES was explained, in part, by a higher prevalence of obesity, unhealthy dietary patterns, physical inactivity, and smoking in low-SES populations. We found that each of the individual adverse health behaviors explained between 9% and 22% of SES disparities in overall colorectal cancer incidence, with different patterns observed for individual-level and neighborhood measures. Together, higher prevalence of behavioral risk factors in the low-SES groups explained about 37.3% (95% CI = 29.9% to 49.8%) of the excess incidence of colorectal cancer attributable to lower educational achievement and 26.4% (95% CI = 20.2% to 37.5%) of the excess incidence of colorectal cancer among people living in poorer areas. Further, differences in BMI by SES contributed modestly to the disparity in colorectal cancer risk. Thus, behavioral risk factors and BMI combined explained about 43.9% (95% CI = 35.1% to 57.9%) of the excess risk of colorectal cancer associated with lower educational achievement and 36.2% (95% CI = 28.0% to 51.2%) of the colorectal cancer risk associated with living in poorer areas. The percentage of SES disparity explained by behavioral risk factors was larger for colon cancers, particularly those of the right colon (although the confidence intervals were wide), than it was for rectal cancers. The most consistent factor contributing to the observed SES disparity in risk of colorectal cancer was diet. Nonconformity with the Mediterranean dietary patterns alone explained about one-fifth of SES-related differences in incidence for all colorectal cancers, one-third for right colon cancers, nearly one-fifth for left colon cancers, and about one-tenth for rectal cancers. This study's findings add to the many confirmed benefits of healthy behavior for disease prevention and longevity (17) and JNCI | Articles 1359 jnci.oxfordjournals.org Figure 2 . Associations between socioeconomic measures and colorectal cancer incidence according to tumor location before and after adjustment for behavioral factors and BMI: NIH-AARP Study, 1995-2006. A) Association of educational level with colorectal cancer incidence. The top panel shows incidence rate ratios (IRR) and 95% confidence intervals (CIs) for colorectal cancer risk by tumor location for persons with varying levels of education (PG = postgraduate, Col = college degree, SC = some college, >HS = more than high school, HS = high school diploma) before adjustment, and the bottom panel shows the same associations after adjustment for health behaviors (Mediterranean diet score, physical activity, and smoking) and body mass index. B) Association of neighborhood SES with colorectal cancer incidence. The top panel shows incidence rate ratios (IRR) and 95% confidence intervals (CIs) for colorectal cancer risk by tumor location for persons in varying levels of neighborhood deprivation (by quintile: Q1, least deprived to Q5, most deprived). The vertical lines represent an IRR of 1.0 (referent). All Wald χ 2 two-sided P values for trend are less than .01 except those marked by an asterisk (* means ≤.05) or a dagger ( † means >.05). Model 1 was adjusted for age, sex, race and ethnicity, family history of colorectal cancer in a first-degree relative, and state of residence, which were entered as categorical variables in the models except age (continuous, measured from the baseline date).
support the use of strategies to promote healthy behavior to reduce SES-related disparities in colorectal cancer incidence. Our findings also support the recommendations of groups that advocate a healthy lifestyle to reduce the risk of colorectal cancer (29, 30) . However, as an observational study, our findings suggest but do not definitively prove causal relationships between SES, behavioral factors, obesity, and the risk of colorectal cancer. This is the largest cohort study to date (n = 506 488) and the first study of both sexes to examine the association of behavioral factors with both self-reported educational achievement and neighborhood SES. Thus, there are no similar studies for direct comparison. Some previous studies did show that adjustment for behavioral risk factors attenuates the association between SES and risk of colorectal cancer (1,2,31). Kim et al. (2) , using data from the Nurses' Health Study, found statistically significant indirect pathways through red meat intake, alcohol intake, and BMI for the relationship between neighborhood SES and rectal cancer, but indirect pathways for colon cancers were only statistically significant among female nurses with a college degree. Our study applied a different analytic approach and found statistically significant mediation of self-reported educationor neighborhood SES-related colorectal cancer risk by all of the behavioral factors examined, although the proportion attributable to behavioral factors, particularly physical activity and BMI, was relatively small for rectal cancer risk. We found that behavioral factors were stronger mediators of self-reported education-or neighborhood SES-related colorectal cancer risk for right colon cancers than for left colon cancers, and we did not find a statistically significant interaction between self-reported education and neighborhood SES. Our study also was performed on a larger cohort with a broader range of SES and employed a dietary pattern analysis approach to incorporate the complexity of dietary components. There is consistent evidence from a variety of investigations that support our observation of the substantial role that behavioral factors and BMI play in SES-related disparities in the incidence of colorectal cancer. Studies have shown that healthful dietary patterns such as the Mediterranean diet have anticarcinogenic properties (13, 32) , and physical activity has been found to reduce the risk of colorectal cancer (14, 15) . Obesity is postulated to promote carcinogenesis (15, 33) , and smoking is believed to increase risk of colorectal cancer by promoting the formation and growth of adenomas (34) . These factors, especially obesity, diet, and physical activity, may affect colorectal pathogenesis through 5′-adenosine monophosphate-activated protein kinase (AMPK) signaling pathways (35, 36) . AMPK is a cellular energy and nutrient sensor that suppresses cell proliferation including activation of p53, a tumor suppressor (35, 36) . AMPK is suppressed by obesity, physical inactivity, and poor diet.
Behavioral factors are likely to act together in complex, synergistic, and mutually reinforcing ways to account for at least some of the SES variations in incidence of colorectal cancer seen in our study. In this analysis, as has been reported in some previous studies, there was a strong relationship between these health behavioral factors and risk of colorectal cancer, and these behavioral risk factors and obesity are more common in low-SES populations. The risk of colorectal cancer associated with both SES and health behaviors combined was larger than either factor alone. The complex relationship between SES, behavioral risk factors, BMI, and colorectal cancer risk is also suggested by the modest incremental effect of BMI and the interactions observed between physical activity and diet.
The finding that the proportion of SES-related risk of right-sided colon cancers mediated by health behaviors was about four times that for rectal cancers dovetails into evidence of biological or etiological differences between right and left colon cancers (20, 21, 37) . Our results also show that differences in behavioral risk factors and obesity do not account for all of the excess risk of rectal and left colon cancers associated with low SES. It follows that other factors, such as access to and use of health care services, as noted in our conceptual model (Figure 1) , may contribute to the SES effect. People from low-SES populations have lower rates of colorectal cancer screening (38, 39) . Screening has been shown to reduce the risk of incidence of colorectal cancer (40, 41) , and there is evidence that screening may be more effective for left colon and rectal cancers than for the right colon cancers (42) . Thus, the differences in the magnitude of the relationships based on the location of the tumors suggest that the unexplained proportions may be because of differences in utilization of colorectal cancer screening. However, the extent to which differential use of screening contributes to SES disparities according to tumor location, independent of behavioral factors, needs further study with prospectively collected data on screening use. Because our analyses estimated percentage changes in regression coefficients due to the mediators, our inability to account for use of colorectal cancer screening, although a limitation, is unlikely to have affected the findings.
There are other limitations of this study. The neighborhood socioeconomic measures were collected from census data in 2000, which were linked to addresses in 1995 or 1996. Thus, our analyses did not take into account changes from baseline in place of residence or health behaviors. This limitation may have affected our results, but the effect is likely to be nondifferential.
In conclusion, adverse health behaviors contribute to the risk of colorectal cancer (18) . This study showed that over one-third of the excess risk of invasive adenocarcinoma of the colon and rectum resulting from low SES could be explained by differences in exposure to behavioral risk factors, particularly an unhealthy diet. A healthful lifestyle has numerous health benefits (17) and may avert up to 70% of new-onset colorectal cancers in the United States (12) . Our findings suggest that interventions that achieve long-term sustained healthy diets, regular physical activity, nonsmoking status, and a healthy weight in low-SES individuals and communities could reduce SES disparities in colorectal cancer risk. However, future prospective studies are needed to confirm if such long-term interventions reduce the risk of colorectal cancer in low-SES populations. 
